ABSTRACT: Avian eggs contain substantial levels of various hormones of maternal origin and have recently received a lot of interest, mainly from behavioral ecologists. These studies strongly depend on the measurement of egg hormone levels, but the method of measuring these levels has received little attention. This paper describes the sampling, extraction, and assay of hormones in avian eggs and related methodological problems. The method of sampling is important because hormones are not homogeneously distributed within the egg, and after onset of embryonic development their levels may decrease and increase due to changes in egg structure and secretion or uptake of hormones by the embryo. The extraction of hormones from the yolk and chromatographic separation of different hormones for immunoassays can strongly influence the results because such procedures remove interfering substances such as proteins, lipids, and other hormones and their metabolites, which can cross-react with the antiserum used. Finally, the assay itself needs more validation than many studies report, especially with respect to the accuracy and specificity of the hormone measurements. We conclude that the addressed issues need more attention for the correct interpretation of differences in hormone levels within and between studies.
INTRODUCTION
The discovery of hormones of maternal origin-such as androgens, estrogens, progesterone, corticosterone, and thyroid hormones-in avian eggs and their impact on offspring development [1] [2] [3] [4] [5] [6] [7] [8] has stimulated many studies measuring and manipulating hormones in avian eggs (for recent reviews, see Refs. 9 and 10). Most studies focus on the intriguing question of whether deposition of maternal hormones reflects an adaptive maternal effect. For example, can a female bird influence offspring development by varying the deposition of hormones in her eggs, and in this way adjust offspring development to prevailing environmental conditions? Other questions include the assessment of maternal endocrine state using eggs instead of more invasive plasma samples, 11, 12 the assessment of environmental contamination with steroids or endocrine disruptors, 13 and the assessment of offspring endocrine state using hormones in allantoic fluid. 14, 15 This article deals with the methodology of hormone measurements in avian eggs. It is concerned primarily with (sex) steroid hormones of maternal origin in the yolk of eggs, but the general principles hold for the measurement of hormones in egg white and allantoic fluid of other origin. The paper complements others in this issue on conceptual questions in the study of maternal hormones, 16 the measurement of steroid hormones in feces, 17 the transfer of corticosteroids from the maternal circulation into the egg, 12 and steroid hormones in allantoic fluid. 15 It has been known for a long time that avian egg yolk has hormone-like activity, 18 but only since Hubert Schwabl 1 demonstrated that steroid hormones are present in avian eggs, did they begin to attract a lot of attention, especially from behavioral ecologists interested in adaptive maternal effects. These studies use immunoassays to determine egg levels of hormones, both for describing patterns of maternal hormone deposition in relation to, for example, environmental factors, and for estimating dosages for experimental manipulation of egg hormone levels within the natural range. Clearly, such studies rely heavily on the proper use and validation of hormone quantification methods used, but these methods have not yet received the attention they deserve.
A comparison of nine different studies measuring androgens in egg yolks of zebra finches and black-headed gulls shows both the wide variation in methods used and the wide variation in the measured levels (TABLE 1; studies 6 and 9 show our unpublished data (N. von Engelhardt, and M. Lasthuizen, B. de Vries, and T. Groothuis, respectively), and part of the values of the other studies are calculated from the data in the original papers). 1, 4, [19] [20] [21] [22] [23] [24] The differences in levels may partly be due to true differences in androgen content of eggs of different populations, years, or experimental conditions. This cannot be the case for three studies (3, 6, 9) , in which differences of 150%-400% were found when assaying the same samples using simplified extraction with ether, additional purification with ethanol and hexane to remove proteins and lipids, or chromatographic purification and separation. The presence of proteins and lipids 25 or of steroids that cross-react with the antiserum used are the most important causes of the diverging results.
This example indicates the problems that can be encountered when measuring egg hormone levels. The qualitative and quantitative measurements of chemical analytes using indirect methods such as immunoassays are usually validated by determining their accuracy (closeness to "true" value), specificity (the degree to which the method also measures other compounds), precision (variability of repeated measures), and sensitivity (an indication of the smallest amount of analyte that can be detected with the method).
Unreliable estimates of hormone levels are a special concern for studies that use published data to compare absolute egg hormone levels or relative differences between species or populations. They also can be a problem for studies that intend to draw quantitative conclusions regarding causes or consequences of variation in egg hormones. In addition, they are problematic if one wants to accurately manipulate yolk hormone levels within the ranges that can be encountered under normal conditions in the species studied.
The goal of this paper is to give an overview of the currently used methods to sample, extract, and assay egg hormones; to point out which methodological issues TABLE 1. Androgen/testosterone levels in yolks of zebra finch (1-6) and black-headed gull eggs (7-9) NOTE: In studies 3, 6, and 9, the same samples were measured using different extraction procedures. For the explanation of the table headers, see text. require particular attention and how problems can be tackled; and to demonstrate how important validation studies are.
SAMPLING
Inside the yolk of freshly laid eggs, hormones are not distributed homogeneously; rather, there is a radial gradient reflecting the concentric layering of yolk. 7, 12, [26] [27] [28] Hormones in the peripheral layers of the yolk may be taken up at different stages of development by the embryo than hormones in the center of the yolk, and therby serve different functions. Therefore, measurement of hormone levels in a random biopt or from a whole homogenized yolk would miss potentially valuable information. According to our own experience it may, however, in practice be very difficult-if not impossible-to sample yolk from specific locations of a live egg, because the yolk moves within the egg when touched by the needle used for taking the biopsy specimen.
The levels of different hormones in the yolk change rapidly after the onset of incubation, although the cause of this change is unknown. [28] [29] [30] Currently, there is little information concerning changes in yolk structure during embryonic development, the changes in the distribution of yolk hormones within the egg over time, and the stages at which different parts of the yolk are taken up by the embryo. There is an influx of water from the albumen in the first days after incubation, which dilutes and enlarges the yolk. 31, 32 A decrease in yolk hormone concentrations is therefore expected, and hormones might also diffuse within the yolk and to albumen and allantois. Egg hormone levels may also decrease or increase during embryonic development due to the uptake, secretion, and metabolism of hormones by the developing embryo (see also Ref. 16 ). Because yolk hormone levels do not remain constant during development, one must be careful when drawing conclusions regarding maternal hormones when measuring hormone levels after the onset of embryonic development.
It is therefore advisable to assess hormone levels immediately after eggs are laid. In field research, this may not be possible, so at the very least, the developmental stage at which a sample has been taken should be assessed by, for example, measuring yolk and embryo size. The obvious problem here is that yolk hormones can accelerate or delay embryonic development, 4, 5, 33 so embryonic size may not indicate developmental stage independently of the hormone concentration in that egg.
Finally, a question that has hardly been addressed is the presence of hormones in the albumen-almost all studies focus on yolk hormones. This focus is based on the assumption that the yolk contains most of the hormone in the egg due to the lipophilic nature of steroid hormones and that the hormone is deposited during yolk formation. However, hormone levels in albumen can be similar to those in the yolk 11, 32 and require further study because they can certainly also be relevant for offspring development. It is conceivable that hormone in the albumen is partly derived from the follicular wall (via diffusion from the yolk after ovulation) and partly deposited during albumen production in the magnum and/or when more water is added to the egg in the shell gland. Albumen is produced in about a day, whereas yolk deposition takes several days. Therefore, the levels of hormones in the albumen may better reflect short-term changes in the plasma levels of hormones than those in the yolk.
EXTRACTION
Hormones cannot be measured directly in the yolk, and extraction and purification is necessary to remove interfering substances. So-called matrix effects, caused by substances such as proteins and lipids that can bind hormones or interfere with the binding of the hormone to antibody and charcoal, can strongly influence the results of immunoassays. 25 The removal of lipids requires particular attention because many factors can influence both maternal hormones and the presence of lipids in avian eggs. Therefore, apparent differences in hormone levels might rather be due to differences in lipid content.
Most studies on avian eggs follow the extraction protocol published by Schwabl. 1 First, samples are extracted twice with 3 mL of petroleum ether/diethyl ether, 30:70 (vol:vol), a combination of solvents that extracts many different steroids from eggs. Samples are then dissolved in 90% ethanol and frozen overnight to precipitate proteins and neutral lipids. Finally, more lipids are removed by washing samples with hexane. Diethylether alone or 80% methanol has also been used for extraction of steroid hormones from the egg matrix. 6, 7 The physiochemical properties of different solvents determine the extent to which they extract different hormones and interfering substances (e.g., petroleum ether extracts nonpolar steroids such as progesterone, but not the polar corticosteroids) 34 and can be a cause of disagreement between studies in absolute levels of measured steroids. One should therefore choose an adequate extraction procedure according to the literature and test the extraction efficiency for the hormones of interest beforehand by adding radioactively labeled steroid hormones to yolk before extraction and assessing the amount of label recovered during each extraction step. This validation is also important because egg composition may differ between species, so different extraction methods may be optimal or required.
For quantitative measurements of absolute hormone levels, it is advisable to determine recovery for each sample, because the percentage of recovery can fluctuate substantially.
CHROMATOGRAPHY
Chromatography is used primarily to separate the various hormones present in the sample, but also leads to further sample purification. Chromatography is not necessary if no cross-reacting steroids are present in the sample and if samples are sufficiently clean that no other interfering substances are present.
When chromatographic separation is used, the presence of several hormones can be determined in a single sample, which is an advantage especially when samples (e.g., biopts) are too small and hormone levels too low to allow splitting of the sample for several immunoassays. Chromatography also allows the use of nonspecific antibodies, which can be used to measure more than one hormone. Testosterone and dihydrotestosterone are frequently assayed after chromatographic separation using an antiserum that cross-reacts with both hormones. The advantage of specific antisera is obviously that the relatively time-consuming chromatography may not be necessary, but these antisera are often more expensive and removal of interfering substances such as lipids is still necessary.
Avian endocrinologists use mostly celite column chromatography for the separation of steroid hormones. 1, 34, 35 Other methods using commercially available columns can be found in the literature but have not yet been used for hormones in eggs. [36] [37] [38] [39] The packing of the columns and the extraction, especially for the separation of several hormones, requires practice and careful validation following the published protocols. 1, 34, 35 The absolute volumes, mixtures, and succession of the eluting solvents (e.g., increasing polarities) influence the elution profile of the hormones. Also, the speed of elution and the temperature influence the quality of the separation and should remain constant. 34 It must first be established that the hormone of interest is eluted primarily in the fraction used for assaying this hormone; second, one must be certain that other hormones elute in this fraction only to a minor extent. This is important for two reasons. First, elution of hormones in other fractions will lead to an overestimation of recovery when using more than one labeled hormone at the same time, because the amount of radioactivity recovered in the eluate is used to calculate recovery and different hormones cannot be distinguished unless different labels ( 3 H, 14 C) are used. However, 14 C labels have a low specific activity (low radioactivity relative to the mass of the molecule), so the large amount of label required for recovery estimation can interfere with the assay. Second, elution of several hormones in the same fraction that cross-react with the antibody will lead to inflated hormone levels. The degree of potential interference can be estimated from the amount of hormone that is present in the sample, the percentage of cross-reactivity with the antibody used, and the proportion present in the eluate. A hormone that has a high crossreactivity and elutes in the same fraction may not interfere with the assay if it is hardly present in the sample, whereas a hormone with low cross-reactivity present in much larger amounts than the hormone of interest may cause substantial.
Therefore, the quality of the separation has to be tested beforehand by adding radioactively labeled steroids-singly and in combination-to yolk samples and measuring recovery and separation in the different fractions. FIGURE 1 shows an example of our own validations for separating androstenedione, dihydrotestosterone, and testosterone on celite columns.
IMMUNOASSAY
Currently, steroid hormones in avian eggs are measured using immunoassays, mostly radioimmunoassays, which are readily available, cheap, fast, and very sensitive. They cannot, however, be used to biochemically identify a hormone because antisera cross-react to some extent with other hormones or metabolites. They are therefore an indirect method to measure amounts of a certain hormone, and for an accurate measurement they must be validated using an independent method such as a combination of gas chromatography and mass spectrometry (GC-MS), which can biochemically identify and quantify the hormone of interest. [40] [41] [42] [43] Even these methods may have difficulty in distinguishing very similar analytes, such as isomeric metabolites. 44 Until now such an independent validation has been performed only for testosterone in canary eggs. 1 The most commonly used parameters to describe the validity and reliability of a immunoassay are its accuracy, specificity, precision, and sensitivity, which can be evaluated statistically and should be part of every study measuring hormone levels on a new species or type of sample. 34, 36, [45] [46] [47] Accuracy (or bias) is the degree to which measured values correspond to the true values of the hormone of interest and can therefore be considered the most important measure of the validity of the assay. 48 Values may have an absolute bias, meaning that all values are larger or smaller than the true value by a constant amount. In that case, relative differences can still be used for quantitative analysis of treatment effects, but average levels between studies are not comparable. A relative bias exists when the degree to which the measured value deviates from the true value depends upon the amount of hormone in the sample. A relative bias is due to nonspecific interfering substances present in the sample that affect the measured values, depending upon the sample concentration. In such a case, hormone levels can still be ranked, but relative differences between treatments are not comparable because the values are not accurate on an interval scale (i.e., differences in hormone levels can be accurately measured, but absolute levels may still be biased because the "true" zero is not defined) or on a ratio scale (i.e., both relative differences and absolute levels can be accurately measured).
Two simple methods to assess accuracy are parallelism and recovery of known amounts. To assess parallelism, different amounts of a sample are extracted and assayed. If these differences in the amount of sample do not result in similar differences in the measured level of hormone-if the results of the sample dilutions do not run parallel to the results of the standard curve-there are interferences, which may be resolved by an improved extraction method. Parallelism therefore gives information about the degree of relative bias. It is frequently assessed by eye, but can be statistically evaluated. 45 Recovery of known amounts is assessed by adding known amounts of the hormone of interest to samples and measuring the amount of hormone present in the sample before and after addition of the hormone. If the difference is not equal to the amount of hormone added, then differences between samples do not accurately reflect true differences in endogenous hormone levels, most likely due to the presence of nonspecific interferences, such as proteins or lipids, which bind steroid hormones. This gives an indication of both absolute bias and relative bias, but an absolute bias of the hormone levels can ultimately be detected only by validation with an accepted reference method such as GC-MS. [40] [41] [42] [43] Another relatively easy method to evaluate accuracy and specificity (see below) is to measure both the amount of radioactive label and the level of hormone in several fractions of a chromatographic separation. 49 A constant ratio of the amount of radioactivity and the amount of hormone measured in different fractions indicates that the assay measures the hormone of interest accurately and specifically.
Specificity indicates the extent to which the assay measures only one specific hormone or also other hormones or metabolites. For example, a nonspecific assay for testosterone may in fact measure several androgens, and conclusions are then limited to general conclusions regarding androgens. 50 Furthermore, no quantitative conclusions can be drawn because the different hormones bind with different affinities to the antibody. For example, a certain hormone level measured with an antiserum that binds testosterone twice as well as dihydrotestosterone can reflect that level of testosterone or twice as much dihydrotestosterone.
Increased specificity can be obtained by a chromatographic separation of the crossreacting steroids or by finding an antiserum that has lower cross-reactivities with the interfering hormones. Even cross-reactivities below 1% may cause a problem for specific measurement if the cross-reacting steroid is present in much larger amounts than the hormone of interest. For example, yolk levels of androstenedione in gulls are 30-fold higher than testosterone, 23 and progesterone levels in starlings are 500 times higher than testosterone levels. 51 Unfortunately, studies with radiolabeled hormone injection in the mother, a standard validation technique in fecal hormone analyses, 17 are difficult for identification of reproductive hormones (and their metabolites) in the egg, because these steroids are produced in the follicles surrounding the egg. They therefore probably enter the yolk directly from the follicular wall, 10, 16 and only a very small percentage of the injected hormone will reach the egg via the maternal circulation. 27 Radiometabolism studies will require in vitro experiments with follicles using labeled hormones and their precursors. Radiometabolism studies are much easier to perform and more valid for hormones, such as corticosteroids and thyroid hormones, produced in extragonadal glands.
Precision is the variability of the measures (either within or between assays) when a sample is assayed repeatedly. It is reported as the coefficient of variation [CV = (standard deviation / mean) × 100]. Precision is highest when samples are measured in a single assay, so many studies attempt to measure all samples of the study within a single assay. If samples must be measured in several assays, it is obviously very important that one does not measure samples of different experimental groups in different assays, because it would then be impossible to disentangle interassay effects from the effects of interest in the study.
Sensitivity or limit of detection gives an indication of the smallest amount of hormone that can be reliably detected. Determining sensitivity is methodologically and statistically nontrival, and there is no general agreement regarding its calculation. 46 Sensitivity is frequently defined as two or three standard deviations above the blank value-the apparent amount of hormone in a sample that is identical to the samples used in the assay but does not contain the analyte of interest. There is no optimal way of producing such a sample, because the method for removing the analyte may itself introduce error (e.g., removal of endogenous hormones with charcoal). Because most hormones are present in large amounts in avian eggs, samples can and should be measured at a concentration for which assay sensitivity is not an important issue, but some hormones, especially estradiol, are present in such low amounts that they are difficult to detect, and assay sensitivity must be assessed. Most current studies on yolk hormones report the precision and sensitivity of their method, but do not report or assess specificity and accuracy. Accuracy can be assessed to a certain extent relatively easily by demonstrating parallelism and recovery of a known amount of hormone added to samples. We recommend that this should become common practice for yolk hormone assays, as has been recommended for hormone assays in general. 48, 52 If parallelism cannot be demonstrated and if known amounts are not recovered accurately, a given method is clearly not valid for quantitative comparisons of relative or absolute differences of hormone levels, but the measurements may still reflect the ranking and qualitative differences between samples.
CONCLUSION
Hormones in avian eggs vary in relation to various factors and can have strong effects on offspring development. However, contradictory results have been found, 10 and because these may partly be due to the methods used to measure yolk hormones it is important to validate and standardize the way yolk hormones are measured.
Accurate measurement of yolk hormones usually requires extraction and chromatographic purification and separation of samples because of the presence of substances that can interfere with the assay. Validation of the method is therefore necessary when setting up an assay for hormones in avian eggs in a new laboratory, for a different species, or for a different type of sample. Most endocrinologists agree that a minimal validation should include an assessment of the accuracy, specificity, precision, and sensitivity of the method. 34, [46] [47] [48] The possibility of species-specific metabolites requires a validation for each new study species and potential adjustment of the method. In addition, a study evaluating the comparability of egg hormone measurements by analyzing samples from the same eggs at different laboratories would clearly be very useful.
If a quantitative assessment of specific yolk hormones at the level of an interval or ratio scale is not possible, more cautious conclusions with respect to ranks or qualitative differences can still be made. A study that is merely interested in the effect of a treatment on yolk androgen levels may not require separation of different steroid hormones by chromatography. The degree of validation needed therefore depends partly upon the questions that are being asked.
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